The Quantitative Filter Technique (QFT) has been shown to be an effective method for determining absorption coefficients of aquatic particles retained by filters. Although many investigators use the QFT, its routine use has been limited due in-part to the required use of a high performance spectrophotometer and prescribed protocols for handling, storage, and transport of filters obtained in the field for later laboratory analysis. We describe a portable fiber optic system for conducting QFT measurements designed to overcome these limitations. The system (QFT2) consists of a high intensity light source, filter holder, and a photodiode array spectrometer configured as a single-beam optical system. A set of 52 samples consisting of natural samples and cultures were analyzed following standard QFT protocols on a conventional spectrophotometer and the QFT2 system. Optical Density (absorbance) rather than absorption spectra were compared to avoid errors introduced by determining the pathlength amplification factor, b. Optical density (OD) spectra normalized at 400 nm measured using the fiber optic system were very similar to spectrophotometer spectra over a wide range of particle loadings. Strong linear relationships of normalized OD values at 443, 520, 550, 650, and 670 nm were observed for total particulate (r 2 = 0.996; P < 0.001, n = 52), detrital particulate (r 2 = 0.991, P < 0.001, n = 38), and pigmented particles or phytoplankton (r 2 = 0.968, P < 0.001, n = 38). The greatest difference between the two systems was observed at ca. 683 nm where the QFT2 underestimates absorption due to pigment fluorescence.
Determining the spectral absorption coefficients of suspended particles is a major goal of many studies of aquatic systems. In particular, there is great interest in estimating phytoplankton spectral absorption as it often serves as a critical component of bio-optical models of water column production (Sosik 1996; Lohrenz et al. 2002; Marra et al. 2007; Yoshikawa and Furuya 2008; Lutz et al. 2009 ), remote sensing algorithms (Stramska et al. 2003; D'Sa et al. 2006; Cannizzaro et al. 2008; Wang et al. 2008) and radiative transfer models (Zaneveld 2005; Liu et al. 2006) . The most widely used protocol for measuring particle absorption is to concentrate particles onto optically diffuse glass fiber filters in the field by filtration and measure the absorbance of filter-bound particles (living and detrital) in a laboratory using a dual-beam spectrophotometer. Introduced by Yentsch (1962) , this procedure has subsequently been expanded and refined by several investigators (see, for example, Kiefer and SooHoo 1982; Kishino et al. 1985; Mitchell and Kiefer 1988 ). An excellent overview of the historical development and associated issues of measuring particle absorption for discrete water samples is given by Mitchell et al. (2002) .
Most investigators use a variant of the Quantitative Filter Technique (QFT) described by Mitchell (1990) to determine the spectral absorption coefficients of natural phytoplankton samples. The QFT provides spectra of phytoplankton and detrital (e.g., non-pigmented) particles, a correction for particle scattering, and a procedure to account for an increase in the effective optical pathlength due to multiple scattering within the filters (e.g., Cleveland and Weidemann 1993) . Although there has been considerable discussion on the efficacy of the QFT, due in large-part on how to accurately and effectively account for pathlength amplification, the QFT remains a commonly used procedure in remote sensing and bio-optical investigations. A major obstacle to even more widespread use of the QFT is the established requirements for proper handling, storage, and shipment of filters obtained in the field to a distant laboratory spectrophotometer for subsequent particle absorption measurements (i.e., greater than 24 h after filtration). In general, filters should be stored in liquid nitrogen to avoid changes in absorption due to pigment degradation (Sosik 1999; Mitchell et al. 2002) . Unfortunately, there are often practical constraints that limit or exclude the use of liquid nitrogen for storage and transport of QFT filters.
We describe here a small, portable fiber-optic system designed to acquire particle absorption measurements using the QFT in the field (e.g., onboard ship) soon after particles are collected onto filters. The accuracy, sensitivity, and precision of optical density spectra measured with the new fiber-optic system (QFT2) are compared with results from a high precision dual-beam spectrophotometer.
Materials and procedures

Fiber optic system and spectrophotometer setup
The portable fiber optic QFT system ( Fig. 1) consists of a single beam optical path containing a light source, a filter holder, and a fiber optic spectrometer connected in series. The light source combines the high intensity output of a deuterium and halogen lamp (D2H; WPI Inc.) to support UV/VIS/NIR particle absorption measurements. The combined spectral range of the two lamps is 190-1100 nm. The D2H also has an integrated electrical shutter that can be controlled manually or with a TTL switch for taking dark current measurements. The spectrometer (Tidas-1, J&M Analytische Messund Regeltechnik GmbH) is based on a Hamamatsu photodiode array optimized for low-noise fiber optic applications with a spectral range of 195-725 nm, spectral bandwidth of 5 nm, 256 pixel detector array, and 16-bit detector resolution. The Tidas-1 connects via a RS-232 to USB adapter to a personal computer using the vendor supplied Spectralys v 2.0 data acquisition, display and analysis software designed to operate the Tidas-1.
A novel component of the portable fiber optic QFT system is a combined fiber optic holder optimized for 25 mm Glass Fiber Filters (GF/F) and standard 10 mm cuvettes (QFT2; WPI Inc.). GF/F filters are placed on a Delrin filter holder within a 25 mm diameter recessed surface and 8 mm diameter center aperture for light transmittance and absorbance measurements (Fig. 1A,B) . The QFT2 (Fig. 1b) was designed to determine particulate absorption coefficients following the general QFT measurement protocol of Mitchell (1990) . Optical density (absorbance) spectra for particles retained on a filter (OD filt ) or particles in suspension (OD susp ) are made along the same optical path with a GF/F filter or cuvette inserted. The pathlength amplification factor, b, is calculated using OD filt and OD susp spectra following Mitchell (1990) . The specific empirical model used to derive b can be determined as previously described (e.g., Cleveland and Weidemann 1993; Arbones et al. 1996; Roesler 1998; Lohrenz 2000) . The D2H light source and Tidas-1 spectrometer are connected to the QFT2 filter/cuvette holder by two 600 µm fibers using SMA connectors. The SMA terminated fibers are connected to fiber optic collimators with a numerical aperture optimized for maximum coupling efficiency of transmitted and collected light. The collimator connected to the light source fiber collimates the incident light to a parallel beam of 5 mm diameter. That is, the collimated beam provides stable sample illumination on a consistent area of 5 mm in diameter. The collimator connected to the spectrometer collects light transmitted through the sample into the receiving fiber. For brevity, we refer to the fiber optic system as the QFT2 system for the remainder of this paper.
QFT measurements were also performed using a PerkinElmer Lambda 850 dual-beam, double monochromator, UV/VIS spectrophotometer with a spectral range of 175-900 nm. The light source consists of pre-aligned tungsten-halogen and deuterium lamps. Two specially designed 25 mm filter holders made of Delrin were machined to attach to collars encircling the detector windows. Similar to the QFT2, these filter holders contain a recessed surface with an 8 mm center aperture on which the filters are mounted. With this setup, sample and reference filters were placed directly in front of and as close to the detector windows as possible to minimize scattering loss. Particulate optical density spectra were acquired using UV Winlab v 6.0.2 (PerkinElmer) running on a personal computer interfaced to the spectrophotometer.
Sample collection and cultures
Paired aliquots from both natural samples and unialgal cultures were used to acquire particulate optical density spectra using the QFT2 system and Lambda 850. Whole water samples were collected from 38 locations representing a range of water types. Most samples were collected at the surface from shore using cleaned amber Nalgene bottles. The New River samples were collected at the surface using clear Nalgene bottles from a small boat. Samples that were not analyzed the day of collection were maintained in the dark in cold, but not frozen, storage.
Phytoplankton cultures were obtained from the UNC Institute of Marine Sciences (Morehead City, NC), Mote Marine Laboratory (Sarasota, FL), Carteret County Community College (Morehead City, NC), and the NOAA Center for Coastal Fisheries and Habitat Research (Beaufort, NC). Cultures included 9 species of blue green algae, 1 coccolithophore, 4 diatoms, 2 dinoflagellates, and 4 green flagellates. Although culture cell densities when received were sufficiently high for immediate use, several cultures were maintained to stationary phase to obtain a range of cell densities and physiological state (for varying pigment concentrations per cell). Cultures were maintained in clear plastic bottles at ambient room temperature on roughly a 12:12 hour light:dark cycle using standard room fluorescent lights and natural light from a south-facing window.
Filtration and generalized QFT measurements
The primary objective of this study was to directly compare particulate optical density spectra obtained by the QFT2 system and Lambda 850 spectrophotometer, therefore special attention was given to minimizing sampling variability in the filtering, handling, and processing of samples. To achieve this, a single investigator performed all filtrations as well as the preparation and handling (e.g., depigmentation) of filters. Two investigators performed all optical density measurements: to minimize variability due to the operator, one investigator conducted the QFT2 system measurements whereas the other investigator independently performed all QFT measurements on the Lambda 850. Samples were prepared and measurements performed on the two systems at the same time.
Samples were initially filtered through a pre-rinsed (ca. 100 mL MilliQ water) 47 mm 0.2 µm polycarbonate filter (Whatman Nuclepore) using a Kontes filter dome and Gelman filtration funnel. Approximately 25 mL of filtrate was collected directly into I-CHEM 200 sterile amber glass bottles with Teflon-lined caps.
Particles were concentrated onto 25 mm Whatman GF/F glass fiber filters using a Millipore 1225 sampling manifold with extension tubes. The 12-position manifold permitted simultaneous filtering and rinsing of all filters used in sample comparisons. Two sample filters were identically prepared by filtering the same volume measured from a well-shaken sample bottle. During the study, sample volumes filtered were varied to yield a wide range of filter particle loadings. Filtering was stopped before filters were completely dry. All filtrations were conducted using low vacuum pressure (<5 in. Hg) and in low light. During sample filtration, two GF/F filters were placed in separate 47 mm petri slides (Millipore) and hydrated with sample filtrate. These filters were used as reference filters for QFT measurements. The two sample filters containing particles were also placed in separate petri slides with a drop of sample filtrate and then covered to keep the filters moist during measurements.
Optical density spectra of particles (OD filt ) retained on filters were simultaneously made using the Perkin Elmer Lambda 850 spectrophotometer and the QFT2 fiber optic system. Light sources were turned on to stabilize for 1 h before measurements. Scans made with the Lambda 850 were conducted between 200 and 850 nm at a speed of 220 nm min -1 . The slit width was 2 nm. Before scanning filter samples, the instrument was zeroed using two blank filters moistened with Optima water (Fisherbrand). During sample scans, a wetted reference filter was placed in the reference optical path. For most samples, three replicate scans were made. A baseline adjustment of OD filt values was made using the OD filt at 721 nm to correct for scattering losses and residual offsets (Mitchell et al. 2002; Babin and Stramski 2002) . To conduct a direct comparison between the two measurement systems, 721 nm was used rather than a longer wavelength range to match the spectral limit of the Tidas-1 spectrometer. The single-beam design of the QFT2 requires two measurements to obtain an optical density spectrum: one with a reference filter (hydrated with filtrate as described above) and one measurement with the filtered sample. A dark spectrum was obtained before sample measurements. The spectrometer was set at 4500 ms integration time. Therefore, the procedure to obtain an optical density spectrum was 1) acquire dark spectrum, 2) place reference filter in QFT2 filter holder and acquire 3 reference spectra, 3) replace reference filter with sample filter, and acquire 3 sample spectra. Sample spectra were corrected for baseline offsets by subtracting the value at 721 nm as done for the spectrophotometer measurements. The three replicate spectra were averaged to yield a mean reference and mean sample spectrum. OD filt is then calculated as:
where C samp is the dark corrected mean sample spectrum in counts and C ref is the dark corrected mean reference spectrum in counts. Filters were returned to the petri dish and covered between measurements. A duplicate set of measurements was acquired on the same reference and sample filters to assess method repeatability. The time to complete the duplicate set was less than 5 min.
Depigmentation of algal particles
The optical density spectra acquired above represent the combined or total absorption of pigmented and nonpigmented particles. To partition total particle absorption into absorption by phytoplankton and absorption by detritus, Kishino et al. (1984 Kishino et al. ( , 1985 proposed a method to extract pigments from particles retained on a filter-pad using hot methanol. After extraction, pigments dissolved by methanol are flushed from the filters. An alternative method for removing particle pigments by oxidation was presented by Ferrari (1995, 2002) and Ferrari and Tassan (1999) . In this method, a solution of NaClO (0.1% active Cl) buffered in Na 2 SO 4 is added to the sample filter (Ferrari and Tassan 1999) . A review of different pigment bleaching techniques is given by Mitchell et al. (2000) . Removal of pigments by NaClO oxidation was used during this study. Again, the primary focus of our study was not to determine the efficacy of various proposed options or refinements of the Quantified Filter Technique, but rather following well-documented procedures, assess whether the QFT2 system can provide QFT measurements similar to those made using a conventional spectrophotometer. An additional reason for following the oxidation method is that, in general, the use of NaClO is faster and can more easily be used in the field than hot methanol extraction.
The two reference filters and the two sample filters with particles used for total absorbance measurements were mounted in the Millipore filtration manifold. Approximately 2 mL Na 2 SO 4 buffered NaClO was slowly added to the sample filters to avoid disturbing particles. This volume of NaClO completely covered the particles on the filter during the oxidation period. At least 10 mL Optima water was added to the reference filters to remove sample filtrate used in the previous measurements. Sample filters were treated with NaClO for 20 min. Brief vacuum pressure was applied to remove remaining NaClO and Optima water. The four filters were again rinsed with about 10 mL Optima water to remove all trace on NaClO and sample filtrate. Filters were then removed, and each placed in a separate petri dish containing two drops of Optima water to maintain filter hydration. Optical density spectra were obtained for the set of depigmented sample and reference filters using the QFT2 system and Lambda 850 spectrophotometer following the procedure described above. These spectra represent the absorbance of non-algal particles (OD nap ) or detritus. The difference between OD filt and OD nap yields the optical density spectra of the pigmented or phytoplankton component of the sample, OD phy .
Assessment
The primary goal of this work was to evaluate whether QFT filter-pad measurements of aquatic particles made using a portable fiber optic system could determine the spectral absorption of particles at least as well as QFT measurements made using a conventional dual-beam spectrophotometer. To conduct this evaluation, a set of carefully controlled experiments was done to determine the similarity of optical density (OD) spectra obtained from the two systems using the materials and procedures described above. OD, or absorbance, spectra were acquired for 38 natural samples and 14 cultures. A large number of culture samples were measured to examine the similarities in measurements between the two systems when there was low variability in the sample particle size distribution and volume scattering function compared with the scattering properties of natural samples.
Representative OD filt and OD nap spectra obtained from the Lambda 850 spectrophotometer and Tidas-1 spectrometer before any corrections or processing are shown in Fig. 2 . It is clear from even these unprocessed spectra that the two systems yield similar results in spectral shape and total absorbance. Moreover, the offsets at 721 nm were generally the same, suggesting that the integrated effects of particle loading, scattering, and pathlength amplification (i.e., b) were very similar. As shown in Fig. 2F , the magnitude in OD showed the greatest variation between the two systems at illumination wavelengths less than 400 nm in several culture samples. The spectral shape in OD was essentially the same between the two systems for all samples.
The variability, or repeatability, of measurements between successive scans for each system is shown in Fig. 3 . The QFT2 showed little-to-no variation between replicate measurements of a single sample-reference filter pair. In contrast, greater variation was observed in replicate scans of several samples on the Lambda 850 spectrophotometer and consistently showed greater spectral noise in OD especially at low particle absorption (e.g., OD less than 0.1 at 400 nm).
Comparisons of OD spectra of phytoplankton absorbance (i.e., OD filt -OD nap ) normalized at 400 nm are shown in Fig. 4 . These normalized spectra should account for any inherent system differences and pathlength amplification yet reveal differences in either OD filt or OD nap measurements. In general, there was a very strong similarity in normalized OD spectra between the two system for both natural and culture samples across most of the spectral range measured. However, for a few natural samples (e.g., C and D in Fig. 4) , there was an offset between the Lambda 850 spectrophotometer and QFT2 measurements. This was observed in less than 10% of the samples analyzed. There was stronger agreement in spectra obtained for cultures where the concentration of non-absorbing scatterers (i.e., detritus) is absent and there is a more uniform size distribution of particles. The most consistent feature indicating a difference between the two systems is a decrease in absorbance measured by the QFT2 system in the red region of the OD spectra with a maximum difference at ca. 683 nm. This apparent decrease in absorption results from pigment fluorescence (Holm-Hansen et al. 1965; Lorenzen 1966) due to the QFT2 illumination conditions. Unlike a spectrophotometer that illuminates a sample over a narrow bandwidth from longer to shorter wavelengths, thereby avoiding absorption artifacts due to fluorescence, QFT2 samples are simultaneously illuminated with the full spectral intensity and spectral range of the system lamp, in this case a deuterium and halogen lamp at 215-1100 nm. An average 4% (maximum 9%, standard deviation 2%) underestimate of OD at 683 nm using the QFT2 was observed for all samples (Fig. 5) . In general, there was a small (less than 1%) positive bias in Lambda 850 spectrophotometer measurements across the spectral range used in this study; there was a relatively consistent standard deviation of ca. 1% in OD filt differences with the exception of increased variation in the red region of the spectrum. The positive bias observed may be due in part to differences in pathlength amplification not accounted for by normalization. A single experiment was conducted to calculate b following the procedure of Mitchell (1990) that yielded a b value of 2.2 and 2.1 for the Lambda 850 spectrophotometer and QFT2 system, respectively. To further assess the similarity in particle absorbance measurements between the two systems, total (OD filt ), depigmented (OD nap ), and derived phytoplankton (OD phy ) normalized OD values were analyzed at selected wavelengths important to remote-sensing applications (Fig. 6) . Again, there is a strong linear relationship in all OD values measured between the two systems. A linear least-squares regression analysis indicates that the offset and slope of each regression line are not significantly different from 0 and 1, respectively, thus indicating a near one-to-one relationship.
Discussion
A portable fiber optic system was developed to measure the spectral absorption of aquatic particles concentrated on glass fiber filters based on the Quantitative Filter Technique. The new system provides OD spectra comparable with spectra obtained using a laboratory dual-beam spectrophotometer without an integrating-sphere attachment. Beyond portability, the QFT2 system offers several advantages over a spectrophotometer including a small modular design, short acquisition times (e.g., ms versus min), and ease of running replicates. The small modular design of the QFT2 system facilitates its use onboard ships with limited bench top space. The short amount of time required to take measurements should greatly facilitate the use of the system in the field, as well as eliminate the problem of filters drying during measurement scans on a spectrophotometer. Further, the ability to quickly acquire sample measurements following the concentration of particles on filters should reduce the effects of bio-pigment degradation on particle absorption coefficients (e.g., Stramski 1990) . Recent advancements in fiber optic technologies could enhance the QFT2 system by the addition of newly developed fiber optic integrating spheres to reduce the effects of scattering loss.
A disadvantage observed with the current system is an underestimation of particle absorption in the red region of the absorption spectrum due to Chlorophyll a fluorescence. However, the effect of fluorescence could be eliminated by taking an additional measurement using a high transmission-blocking bandpass filter that blocks the transmission of wavelengths that induce fluorescence (B. Hargreaves pers. comm.); this spectra would replace the region of the original scan affected by fluorescence. The current configuration of the QFT2 system and data analysis approach may also underestimate particle absorption for high turbidity samples or filters with a high particle loading. A small, constant, negative bias over the entire measured spectrum may result as a consequence of using 721 nm (the upper wavelength limit of the Tidas-1 spectrometer) to apply a baseline correction for scattering rather than the widely used 750 nm (see for example, Mitchell et al. 2000) . Maintaining filter particle loadings to a minimum concentration that still permits reliable absorbance measurements can, in part, reduce the magnitude of this error. Additionally, this potential error can be eliminated by incorporating readily available fiber optic spectrometers with an upper wavelength limit of 750 nm or longer into the modular design of the overall QFT2 system. Whereas controversy and debate continues on several issues related to the QFT, there remains a need for determining spectral absorption coefficients of aquatic particles. A major component of debate is whether the QFT can provide estimates of particulate absorption coefficients accurately enough to significantly improve bio-optical models of primary production, remote sensing biogeochemical algorithms, and radiative transfer models. This debate will presumably continue until more definitive methods of calculating the true optical pathlength are developed or advanced technologies are introduced to measure particle absorption in situ. However, without an effective alternative, it is likely that investigators will continue to use the QFT to obtain particle absorption measurements. Additionally, independent of the accuracy of the magnitude of particle absorption coefficients, information derived from the spectral shape of QFT measurements provide meaningful data on phytoplankton community structure and presence of potentially harmful or nuisance species (e.g., Karenia brevis).
Even in its current configuration, the QFT2 represents a portable and comparatively accurate approach to obtaining particle absorption measurements. This new system offers the Fig. 4 . Continued capability to acquire rapid measurements of particle absorption spectra in the field thus eliminating stringent sample handling and storage requirements. The portability, ease of measurement, and precision of the fiber optic system should provide enhancements to routine QFT measurements for a broad range of applications. Further, the modularity of the fiber optic components can be coupled to other fiber optic systems designed for measuring CDOM absorption (e.g., Ultrapath, WPI). Hence, spectral absorption coefficients of both in-water dissolved and particulate constituents can now be obtained from a single system quickly and accurately in the field. , and pigmented particles (OD phy ) optical density spectra at selected wavelengths. All natural and culture samples are plotted for OD filt (n = 52). Only natural samples are plotted for OD nap and OD phy due to extreme noise in several Lambda 850 spectra following the oxidation depigmentation process. The line in each plot is the predicted linear least-squares regression.
